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Background: The process of matrix degradation is an integral component of cell invasion.
Results: Actopaxin phosphorylation is required for matrix degradation.
Conclusion: Actopaxin can act upstream of Rho GTPase signaling via an interaction with �-PIX and PAK to control matrix
degradation.
Significance:Matrix degradation is a pivotal step in cell invasion and cancer cell metastasis.

Dysregulation of cell adhesion and motility is known to be an
important factor in the development of tumor malignancy.
Actopaxin (�-parvin) is a paxillin, integrin-linked kinase, and
F-actin binding focal adhesion protein with several serine phos-
phorylation sites in the amino terminus that contribute to the
regulation of cell spreading and migration. Here, phosphoryla-
tion of actopaxin is shown to contribute to the regulation of
matrix degradation and cell invasion. Osteosarcoma cells stably
expressing wild type (WT), nonphosphorylatable (Quint), and
phosphomimetic (S4D/S8D) actopaxin demonstrate that acto-
paxin phosphorylation is necessary for efficient Src and matrix
metalloproteinase-driven degradation of extracellular matrix.
Rac1 was found to be required for actopaxin-induced matrix
degradation whereas inhibition of myosin contractility pro-
moted degradation in the phosphomutant-expressing Quint
cells, indicating that a balance of RhoGTPase signaling and reg-
ulation of cellular tension are important for the process. Fur-
thermore, actopaxin forms a complexwith the Rac1/Cdc42GEF
�-PIX and Rac1/Cdc42 effector PAK1, to regulate actopaxin-
dependent matrix degradation. Actopaxin phosphorylation is
elevated in the invasive breast cancer cell line MDA-MB-231
compared with normal breast epithelial MCF10A cells. Expres-
sion of the nonphosphorylatable Quint actopaxin inMDA-MB-
231 cells inhibits cell invasion whereas overexpression of WT
actopaxin promotes invasion in MCF10A cells. Taken together,
this study demonstrates a new role for actopaxin phosphoryla-
tion in matrix degradation and cell invasion via regulation of
Rho GTPase signaling.

Themechanism controlling tumor dissemination andmetasta-
sis, the major cause of cancer-related fatalities, is poorly under-

stood, although the dysregulation of cell adhesion andmotility is
known to be an important factor in tumor progression. Inter-
actions between cells and the extracellular matrix (ECM)2
occur via organized assemblies of structural and signaling pro-
teins known as focal complexes and focal adhesions. Focal
adhesion proteins serve as a structural and signaling nexus con-
necting integrins to the dynamic actin cytoskeleton to coordi-
nate cell spreading, motility, and cell invasion (1).
We have previously described actopaxin (�-parvin, CH-

ILKBP) (2, 3) as a paxillin- and F-actin-binding protein that
localizes to focal adhesions and focal complexes via its interac-
tion with paxillin (4, 5). Disruption of the actopaxin-paxillin
interaction inhibits cell adhesion and spreading (4, 5). Addi-
tionally, actopaxin forms a complex with the integrin-linked
kinase (ILK) andPINCH, commonly referred to as the IPP com-
plex (ILK-Parvin-PINCH),which also links integrin signaling to
the actin cytoskeleton (6). The amino terminus of actopaxin
contains a series of serine residues, that when phosphorylated
in an ERK-dependentmanner during cell adhesion can regulate
cell spreading and migration (7). Actopaxin is also phosphory-
lated on these sites during mitosis by cyclin B1/cdc2 kinase to
facilitate G2/M transition (8).
The Rho family of GTPases, Cdc42, Rac1, and RhoA, and

their effectors are responsible for regulating the actin cytoskel-
eton during cell spreading, adhesion turnover, migration, and
invasion. A large family of guanine nucleotide exchange factors
(GEFs) act to positively regulate these GTPases. �-PIX/Cool 1
(PAK-interacting exchange factor/cloned out of library, herein
referred to as �-PIX), is a GEF for Rac1 and Cdc42 (9). Knock-
down of �-PIX, or expression of a GEF-defective mutant inhib-
its cellmigration by reducing adhesion turnover (10).�-Parvin/
affixin, a closely related actopaxin family member, has been
reported to bind directly to �-PIX to regulate Rac1 activity (11,
12). Using phosphomimetic and nonphosphorylatable mutants
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phosphorylation regulates cell migration in part through the
regulation of Rac1 activity (7). Additionally, actopaxin binds
CdGAP, a negative regulator of Rac1/Cdc42 activity, and this
interaction with actopaxin contributes to CdGAP recruitment
to focal adhesions to negatively regulate cell spreading and
adhesion turnover (13). Together these data suggest a bimodal
role for actopaxin in the regulation of Rho GTPase activity
to coordinate cytoskeletal organization and cell migration
through the binding and regulation of both GEFs and GAPs.
In addition to the regulation of cell spreading and motility,

RhoGTPase signaling has also been shown to play an important
role in other aspects of tumor cell invasion including the regu-
lation of matrix degradation associated with the formation of
specialized adhesions termed invadopodia that degrade the
ECM via elevated matrix metalloproteinase (MMP) activity
(14). Herein, we describe a novel function for actopaxin phos-
phorylation in regulating matrix degradation and invasion.
Actopaxin-induced matrix degradation was found to be
dependent on Src and MMP activity and also required Rac1
activity. Actopaxin was found to interact with �-PIX in a com-
plex with the p21-activated serine/threonine kinase (PAK1),
providing a possible mechanism for actopaxin regulation of
Rac1 signaling. In addition, PAK and p38 MAPK, both down-
stream targets of Rac1, were required for matrix degradation.
Actopaxin phosphorylationwas elevated in invasive versus nor-
malbreast epithelial cells and the introductionofnonphosphor-
ylatable actopaxin into invasive cells inhibited cell invasion,
suggesting that actopaxin signaling through its phosphoryla-
tion state plays an essential role in the development of tumor
cell malignancy.

MATERIALS AND METHODS

Cell Culture and Transfection—U2OS osteosarcoma cells
expressing Xpress-tagged wild-type (WT), nonphosphorylat-
able (S(4,8,14,19)G/T16A) mutant referred to herein as the
Quint mutant and phosphomimetic S4D/S8D actopaxin were
previously described (7). U2OS (ATCC) and MDA-MB-231
(ATCC) cells were cultured in DMEM with 10% FBS, 1 mM

glutamine, 50 units/ml penicillin and 50 �g/ml streptomycin.
MCF10A (ATCC) cells were cultured in 50:50 DMEM/Ham’s
F12 with 5% horse serum, 15 mM HEPES, pH 7.5, 2 mM L-glu-
tamine, 0.5�g/ml hydrocortisone, 10�g/ml insulin, 0.02�g/ml
EGF, 50 units/ml penicillin, and 50 �g/ml streptomycin. Cells
were maintained at 37 °C in a humidified chamber with 5%
CO2. Transfection of U2OS cells was performed with FuGENE
6 (Roche Molecular Biochemicals) according to the manufac-
turer’s instructions. �-PIX and PAK1 constructs were kindly
provided by Richard Cerione (Cornell University). Retroviral
pLNCX2 Xpress-tagged actopaxin WT and Quint were pro-
duced, and MCF10A and MDA-MB-231 cells were infected as
previously described (15).
Indirect Immunofluorescence—Cells were fixed and permea-

bilized in 4% paraformaldehyde/1% Triton-X-100 in PBS,
quenched in 0.1 M glycine, and blocked in 3% BSA before stain-
ing. Primary antibodies were used at 1:250 for 90 min at 37 °C:
Xpress (Invitrogen) and paxillin clone 165 (BD Biosciences).
Rhodamine phalloidin (1:1000, Invitrogen) was used to visual-
ize F-actin. Secondary antibodies (Jackson Immunoresearch

Laboratories) were used at 1:250 for 1 h at 37 °C. Images were
acquired on a Nikon Eclipse TE2000 inverted microscope with
a Spot camera using Spot Advance software. Image analysis was
performed using National Institutes of Health ImageJ software.
Gelatin Matrix Degradation Assay—Fluorescent 488-gelatin

coverslips were prepared as described previously (16). Briefly,
glass coverslips were washed overnight in 20% sulfuric acid and
then sterilized in ethanol. Coverslips were coated with 50
�g/ml poly-L-lysine (Sigma), washed in PBS, and then incu-
bated in 0.5% glutaraldehyde (Sigma) and coated for 30 min
with 488-gelatin (Invitrogen) 1:40 with 0.2% unlabeled gelatin
solution (w/v; Sigma) at 37 °C. Cells were plated for 16 h in
serum-containing medium, and coverslips were processed as
above. Inhibitors were used as follows: 2 �M Src inhibitor PP2,
25 �M MMP inhibitor GM6001, 50 �M Rac1 inhibitor
NSC23766, 25 �M myosin inhibitor blebbistatin, 10 �M p38
MAPK inhibitor SB203580 (Calbiochem), and 1 �g/ml Rho
activator II (CN03; Cytoskeleton).
Gelatin Zymography—Conditioned medium samples were

collected from cells plated overnight on collagen in serum-free
medium. Samplesweremixedwith 2� SDS sample bufferwith-
out reducing reagent and run on a 7.5% SDS-PAGE gel co-po-
lymerized with 0.1% gelatin type A (Sigma). Gels were incu-
bated in reaction buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 5
mM CaCl2, 0.05% sodium azide) for 40 h and then fixed with
methanol and stained with Coomassie Blue.
Matrigel Invasion Assay—For invasion assays, cells were sus-

pended in serum-free medium and plated in the top well of
Matrigel-coated invasion chambers (8-�m pore size; BD Bio-
CoatTM; BD Transduction Laboratories). Serum-containing
medium (5% horse serum) was placed in the lower chamber,
and cells were allowed to invade for 20 h at 37 °C. Cells on the
upper chamber were removed with a cotton swab, and cells on
the lower chamber were fixed in 100% methanol and stained
with Giemsa. The number of cells invaded was counted for 20
random fields per condition/experiment using a 20� objective.
Immunoprecipitation—Cells were lysed in a co-immunopre-

cipitation lysis buffer (20 mM Tris, pH 7.6, 0.5% Nonidet P-40,
100mMNaCl, 10% glycerol, 1mMMgCl2, 10�g/ml leupeptin, 2
mM NaF, 200 mM NaVO4). Clarified lystates were incubated
end over endwith antibodies for 2 h at 4 °C followed by 1 hwith
protein A/G beads. Beads were washed rapidly with lysis buffer
then boiled in 2� SDS sample buffer.
Western Blotting—Cell lysates were resolved on 10% SDS-

polyacrylamide gels. Proteins were transferred to nitrocellulose
membranes. Primary antibody incubations were done for 2 h
at room temperature at 1:1000 dilution: Xpress, actopaxin
(Sigma), actopaxin clone 38 (5), phospho-PAK (Ser199/204),
phospho-p38 MAPK (Cell Signaling), PAK (Santa Cruz Bio-
technology), �-PIX (Millipore), �-actinin (Sigma), 9E10 anti-
Myc (Developmental Studies Hybridoma Bank). Secondary
HRP-conjugated antibodies (Jackson Immunoresearch Labora-
tories) were diluted 1:10,000 and incubated for 1 h at room
temperature. Immunoblots were developed by chemilumines-
cence using ECL (GE Healthcare).
Statistical Analysis—Values calculated from at least three

independent experiments were compared by Student’s t test
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and p � 0.05 was considered statistically different. Error bars
represent the S.E.

RESULTS

Actopaxin Phosphorylation Is Required for Matrix Degrada-
tion—Actopaxin phosphorylation of Ser4/8 enhances cell
migrationwhereas a nonphosphorylatable (Quint)mutant sup-
presses migration in U2OS osteosarcoma cells (7). Invasive
tumor cells also develop the ability to degrade ECM to facilitate
migration through tissue stroma which can be visualized in
vitro by plating cells on fluorescently labeled ECM and moni-
toring the increase in nonfluorescent areas corresponding to
degraded matrix. Interestingly, parental U2OS cell plated on
fluorescent 488-gelatin exhibit onlymodestmatrix degradation
whereas cells expressing either wild-type (WT) and phospho-
mimetic (S4D/S8D) actopaxin demonstrate increased matrix
degradation (Fig. 1A). The pattern of matrix degradation was
both punctate and focal adhesion-like (Fig. 1A, insets). In strik-
ing contrast, the Quint actopaxin-expressing cells had dimin-
ished ability to degradematrix (Fig. 1A). Expression levels of the
different actopaxin mutants are shown by Western blotting
(Fig. 1B). Quantitation of both the percent of cells associated
with matrix degradation (Fig. 1C) and the area of matrix degra-
dation/cell area (Fig. 1D) demonstrated that the WT and S4D/
S8D actopaxin cells had a significant enhancement in matrix

degradation whereas the Quint actopaxin cells significantly
inhibited matrix degradation compared with parental cells.
Interestingly, overexpression of WT actopaxin induced higher
levels of matrix degradation than S4D/S8D actopaxin, sugges-
ting that cycling of phosphorylation/dephosphorylation might
be necessary to achieve optimalmatrix degradation. These data
demonstrate a novel role for actopaxin phosphorylation in the
regulation of matrix degradation.
A role for Src kinase activity in matrix degradation, invado-

podia formation, and cell invasion is well established (17).
Western blot analysis revealed that theWT and S4D/S8D acto-
paxin cells have increased levels of phospho-Src Y418 com-
pared with parental and Quint actopaxin-expressing cells (Fig.
2A), consistent with their elevated matrix-degrading capacity
(18, 19). Accordingly, treatment of theWT and S4D/S8D acto-
paxin cells with the Src inhibitor PP2 or the broadMMP inhib-
itor GM6001 abolished matrix degradation (Fig. 2, B and C),
indicating that actopaxin regulates matrix degradation via reg-
ulation of Src and MMP activity. In addition, evaluation of
MMP activity by in-gel zymography revealed that Quint acto-
paxin cells produced significantly less secreted MMP2 and
MMP9 (Fig. 2, D and E), in accordance with their decreased
ability to degradematrix. Interestingly, the parental U2OS cells
secrete MMP9 at levels similar to the WT and S4D/S8D acto-

FIGURE 1. Actopaxin phosphorylation promotes and is necessary for matrix degradation in U2OS cells. A, U2OS parental cells and cells stably expressing
Xpress-actopaxin WT, Quint, and S4D/S8D were plated on fluorescent 488-gelatin for 16 h. Expression of WT and S4D/S8D actopaxin promotes degradation of
underlying matrix, whereas Quint expression inhibits matrix degradation. B, Western blot shows expression levels of Xpress-tagged WT, Quint, and S4D/S8D
actopaxin in U2OS cells. C, quantitation of the percentage of cells associated with matrix degradation demonstrates a significant increase in WT and S4D/S8D-
expressing cells whereas Quint cells show a significant decrease compared with parental cells. D, quantitation of the area of matrix degraded/total cell area
demonstrates a similar trend to the percent of cells showing matrix degradation. Error bars, S.E.
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paxin cells, but lack MMP2 secretion. This suggests that acto-
paxin overexpression/phosphorylation is specifically driving
increased matrix degradation via elevated secretion and/or
activation of MMP2.
Rac1 andMyosin Contractility Regulate Matrix Degradation—

The regulation of matrix degradation involves the formation of
invadopodia that have been shown to require a fine balance of
signaling between Rho GTPases (17). We have shown previ-
ously that expression of S4D/S8D actopaxin results in a Rac1-
like phenotype including enhanced lamellipodia formation
(supplemental Fig. 1) that can be reversed with the expression
of dominant negative Asn17 Rac1 (7). Conversely, Quint acto-
paxin-expressing cells have a more angular phenotype (supple-
mental Fig. 1), indicative of high Rho activity and actomyosin
contractility.
To address whether phosphorylated actopaxin-driven

matrix degradation is dependent on elevated Rac1 activity
and/or decreased actomyosin contractility, cells were plated in
the presence of the Rac1 inhibitor NSC23766 (20, 21) or the
myosin II inhibitor blebbistatin (22) (Fig. 3,A andB). Inhibition
of Rac1 greatly reduced the ability of the WT and S4D/S8D
actopaxin cells to degrade matrix. In addition, the WT and
S4D/S8D actopaxin cells that were treated with the Rac1 inhib-
itor were smaller in area and more angular, indicative of
increased cell contractility and similar to themorphology of the
Quint actopaxin-expressing cells. Interestingly, inhibition of
myosin activity with blebbistatin was sufficient to induce
matrix degradation in the Quint actopaxin-expressing cells.

Similar results were observed following treatment of the Quint
actopaxin cells withML-7, amyosin light chain kinase inhibitor
(data not shown). Conversely, treatment of the WT actopaxin
cells with the Rho activator II inhibitedmatrix degradation and
resulted in a contractile phenotype similar to Quint actopaxin
cells (Fig. 3, C and D), Together, these data support previous
studies (14, 23) indicating that a tight balance of Rho GTPases
signaling and associated cell contractility is required for opti-
malmatrix-degrading capabilities and place actopaxin as a cen-
tral mediator of these processes.
Actopaxin Interacts with �-PIX and PAK1, and �-PIX and

PAK1 Activity Are Required forMatrix Degradation—�-Parvin
can interact directly with the Rac/Cdc42GEF�-PIX via its CH1
(calponin homology) domain to control Rac1 activity (12).
Given the high degree of homology between parvin family
members (24), we reasoned that actopaxinmay also bind�-PIX
in a similar fashion. Accordingly, immunoprecipitation of
endogenous actopaxin was found to co-immunoprecipitate
�-PIX (Fig. 4A), also via a direct interaction (data not shown).
Xpress-tagged WT, Quint, and S4D/S8D actopaxin all inter-
acted equally with �-PIX (Fig. 4A) and co-localized with �-PIX
at focal adhesions (supplemental Fig. 2). PAK, a downstream
effector of Rac1, binds directly to �-PIX (25), regulating �-PIX
activity, Rac1 binding, and PAK signaling to the cytoskeleton
(10). PAK1 was also observed to precipitate with WT, Quint,
and S4D/S8D actopaxin (Fig. 4A). PAK1 can be recruited to cell
and ECMadhesions as part of a paxillin-PKL-�-PIX-PAK com-
plex (26). However, PKL (paxillin kinase linker/GIT2) was not

FIGURE 2. Actopaxin-dependent matrix degradation requires Src and MMP activity. A,Western blot analysis shows that levels of phospho-Src Y418
are elevated in cells expressing WT and S4D/S8D actopaxin compared with parental and Quint cells. B, plating WT and S4D/S8D cells in the presence of
the Src and MMP inhibitors PP2 and GM6002, respectively, results in the inhibition of matrix degradation. Scale bar, 20 �m. C, quantitation of percentage
of cells degrading matrix shows that Src or MMP inhibition results in a highly significant decrease in matrix degradation of WT and S4D/S8D cells.
D, gelatin zymography of U2OS actopaxin cells shows the levels of secreted MMP2 and MMP9. E, gelatin zymography is quantified. *, p � 0.05; **, p �
0.005; ***, p � 0.0005. Error bars, S.E.
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detected in the Xpress-actopaxin immunoprecipitation (Fig.
4A), indicating that actopaxin-�-PIX-PAK form a complex that
is independent of the paxillin-PKL-�-PIX-PAK complex.
Therefore, actopaxin may provide an alternative mechanism
for recruiting �-PIX/PAK to adhesions.

To evaluate whether theGEF activity of�-PIX is required for
actopaxin-inducedmatrix degradation, Myc-taggedWT, GEF-

dead L238S/L239S (LL), and active GEF (�T1) �-PIX mutants
were co-transfected into theWTorQuint actopaxin cells along
with Cherry-paxillin, to identify transfected cells (Fig. 4B). The
expression of �-PIX WT did not affect matrix degradation in
these cells. In contrast, transfection of the WT actopaxin cells
with GEF-dead �-PIX LLmutant inhibitedmatrix degradation,
whereas expression of the GEF active �-PIX �T1 in the Quint

FIGURE 3. Rac1 activity and myosin contractility regulate matrix degradation. A, plating WT and S4/8D actopaxin cells in the presence of the Rac1 inhibitor
NSC23766 blocks matrix degradation and results in morphological changes similar to that seen in Quint actopaxin-expressing cells. Quint cells plated in the
presence of the myosin II inhibitor blebbistatin have increased matrix degradation. B, quantitation of matrix degradation shows a highly significant decrease
in WT and S4D/S8D actopaxin-mediated matrix degradation in the presence of the Rac1 inhibitor NCS23766 and a highly significant increase in matrix
degradation by Quint cells in the presence of blebbistatin. C, treatment of WT actopaxin cells with Rho activator II inhibits matrix degradation. D, quantitation
of matrix degradation shows a highly significant decrease in degradation associated with WT cells treated with Rho activator. Scale bars, 20 �m. Error bars, S.E.
*, p � 0.05; **, p � 0.005; ***, p � 0.0005.
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actopaxin cells, which increases Rac1 activity and PAK phos-
phorylation (10), resulted in a significant increase in matrix
degradation (Fig. 4, B and C). In contrast, the expression of
�-PIXWW(W43P/W44G), a PAK-bindingmutant that blocks

PAK activation (9), significantly inhibited matrix degradation
in the WT actopaxin cells (Fig. 4C).
PAK1 functions in regulating cytoskeletal organization and

cellmotility (27). In addition, the expression of active PAK1 can

FIGURE 4. Actopaxin forms a complex with �-PIX and PAK, which are important for actopaxin-mediated matrix degradation. A, endogenous �-PIX
co-immunoprecipitated with actopaxin. Xpress-actopaxin co-immunoprecipitates �-PIX and PAK1, but not PKL. B, expression of �-PIX mutants affects matrix
degradation. GEF-dead (LL) �-PIX significantly inhibits matrix degradation in WT actopaxin cells, whereas a GEF active (�T1) �-PIX mutant promotes matrix
degradation in Quint actopaxin-expressing cells. C, GEF-dead (LL) and PAK-binding (WW) mutants of �-PIX inhibit matrix degradation whereas GEF active �-PIX
(�T1) promotes matrix degradation. The percentage of cells associated with matrix degradation is quantified. Scale bar, 20 �m. *, p � 0.05; **, p � 0.005. Error
bars, S.E.
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induce matrix degradation and invadopodia formation in
smooth muscle cells (28). Furthermore, cells transfected with
the autoinhibitory domain of PAK1,which inhibits endogenous
PAK1, significantly decreases matrix degradation of melanoma
cells (29). Western blot analysis demonstrated that the serine
phosphorylation of PAK (Ser199/204) is reduced in the Quint
actopaxin-expressing cells compared with the WT and S4D/
S8D actopaxin cells (Fig. 5A), indicating less active PAK in
Quint actopaxin cells. Introduction of a PAK1 kinase-dead
mutant (K299R) (30) into WT actopaxin cells caused a signifi-
cant reduction of cells degradingmatrix, whereas expression of
a PAK1 active mutant (T423E) (30) in Quint actopaxin cells
resulted in increased ability to degrade matrix (Fig. 5, B and C).
Taken together, these data indicate that actopaxin phosphory-
lation promotes Rac1-dependent matrix degradation through
the formation of an active actopaxin-�-PIX-PAK signaling
complex.
p38 MAPK Is Required for Matrix Degradation—Enhanced

matrix degradation and cell invasion are frequently associated
with an increase in the activity of p38 MAPK (31, 32). p38
MAPK can be activated in a �-PIX/PAK-dependent manner in
response toRac1 signaling and is necessary for cellmotility (33).
Therefore, we sought to determine whether p38 MAPK is
required for actopaxin-induced matrix degradation.
Western blot analysis using an activation-specific phospho-

antibody for p38 MAPK showed that phospho-p38 MAPK was
reduced in Quint actopaxin cells compared withWT and S4D/
S8D actopaxin cells (Fig. 6A). To examine the role p38 MAPK
activity in actopaxin-induced matrix degradation, WT, Quint,

and S4D/S8D actopaxin-expressing cells were plated in the
presence of the p38MAPK inhibitor SB203580 (Fig. 6,B andC).
p38MAPK inhibition abolishedmatrix degradation inWT and
S4D/S8D actopaxin cells. p38 MAPK has been shown to be
regulated in a Rac1-dependentmanner (34); therefore, we eval-
uated whether treatment with the Rac1 inhibitor also reduced
p38MAPK phosphorylation. Treatment ofWT actopaxin cells
with the Rac1 inhibitor NCS23766 decreased p38MAPK phos-
phorylation (Fig. 6D). These data suggest that p38 MAPK is
required for matrix degradation and that actopaxin phosphor-
ylation can regulate p38 MAPK activity in a Rac1-dependent
manner.
Actopaxin Phosphorylation Regulates Cell Invasion—A com-

parison of normal MCF10A human breast epithelial cells with
the highly invasive humanbreast cancer cell lineMDA-MB-231
byWesternblot analysis revealed that actopaxinSer8phosphor-
ylation is elevated in the MDA-MB-231 cells (Fig. 7A). To
determine whether actopaxin phosphorylation contributes to
cell invasion,MDA-MB-231 orMCF10A cells were transfected
with WT and Quint actopaxin (Fig. 7B). Both actopaxin con-
structs localize efficiently to focal adhesions in these cells (sup-
plemental Fig. 3) as reported previously for the U2OS cells (7).
Parental MCF10A cells do not exhibit significant matrix degra-
dation asmeasured by the fluorescent 488-gelatin assay. In con-
trast, overexpression of WT actopaxin in these cells induced
matrix degradation whereas Quint actopaxin-expressing cells
failed to degrade matrix (Fig. 7C) as observed in the U2OS cells
(Fig. 1). MCF10A cells expressing WT actopaxin formed clas-
sical invadopodia, comprising a core of actin that co-localized

FIGURE 5. PAK kinase activity promotes matrix degradation. A, Western blot analysis reveals that the level of PAK phosphorylation is reduced in Quint
actopaxin-expressing cells compared with WT and S4D/S8D actopaxin-expressing cells. B, introduction of a PAK1 kinase-dead mutant (K299R) into WT
actopaxin cells significantly inhibits matrix degradation, whereas a PAK1 kinase-active mutant (T423E) promotes matrix degradation in Quint cells. C, percent
of cells associated with matrix degradation was quantified. Scale bar, 20 �m. ***, p � 0.0005. Error bars, S.E.
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with areas of matrix degradation and surrounded by a ring of
adhesion proteins including WT actopaxin (Fig. 7D). This dis-
tribution is consistent with localization of endogenous acto-
paxin to invadopodia formed in parental MCF10A cells follow-
ing TGF-�-induced epithelial mesenchymal transition (32). In
addition, overexpression of WT actopaxin in the normally,
noninvasive MCF10A cells resulted in a significant increase in
invasion comparedwith parental andQuint actopaxin-express-
ing cells (Fig. 7E). Conversely, invasion of the MDA-MB-231
breast cancer cells throughMatrigelwas significantly decreased
in populations expressing the Quint actopaxin compared with
parental and WT actopaxin-expressing cells (Fig. 7F). Treat-
ment of theQuint actopaxinMDA-MB-231 cells with themyo-
sin inhibitor blebbistatin was able to restore cell invasion to
parental levels (Fig. 7G), similar to the rescue of matrix degra-
dation observed in the Quint actopaxin-expressing U2OS cells
followingmyosin inhibition (Fig. 3). These data suggest that the
elevated actopaxin phosphorylation observed inMDA-MB-231
compared with normal breast epithelial cells is contributing
directly to the invasive nature of these cells, most likely through
promoting both increased matrix degrading activity as well as
enhanced motility (7).

DISCUSSION
In this study we describe a novel role for actopaxin phosphory-

lation in the regulation of matrix degradation in U2OS osteosar-
coma cells. In addition, a novel interaction between actopaxin and
�-PIX is described that acts to regulate downstream signaling via
Rac1 to PAK1 and p38MAPK to promote thematrix degradation
(Fig. 8). We further show that actopaxin phosphorylation is ele-
vated inbreast tumorcells to regulate cell invasion, suggesting that

actopaxinphosphorylationmaybe a key event in the development
of an invasive phenotype in cancer cells.
Overexpression of either WT or the phosphomimetic S4D/

S8D actopaxin enhanced the ability of U2OS cells to degrade
matrix whereas nonphosphorylatable Quint actopaxin abol-
ished matrix degradation. Src and MMP activity were required
for matrix degradation to occur, consistent with invadopodia-
mediated matrix degradation (17, 35). Invadopodia are highly
organized invasive structures, first observed in v-Src-trans-
formed cells, which comprise an actin core surrounded by a
ring of adhesion-related proteins (18). However, prototypical
invadopodia were not clearly observed in the U2OS cells.
Instead, the pattern ofmatrix degradationwas a combination of
punctate and focal adhesion-like degradation. A similar type of
matrix degradation was recently reported in human fibrosar-
coma cells (HT-1080) where a FAK-p130Cas complex was
shown to regulate matrix degradation at focal adhesions
through binding to MT1-MMP (36). The relatively small per-
centage of focal adhesions that we observed co-localizing with
the sites of matrix degradation in the U2OS cells is most likely
due to the highly dynamic nature of these cells. Interestingly, in
the MCF10A cells expressing WT actopaxin we observed the
formation of more typical invadopodia structures containing
theWTactopaxin in their ring structure and a core of actin that
coincided with the matrix degradation. This is consistent with
our previous study showing the localization of endogenous
actopaxin to invadopodia formed in these cells in response to
TGF-�-induced epithelial mesenchymal transition (32), sug-
gesting that the mode of degradation is cell type- and possibly
context-specific.

FIGURE 6. p38 MAPK activity is required for actopaxin-mediated matrix degradation. A, Western blot analysis of WT, Quint, and S4D/S8D actopaxin
cells demonstrates that phospho-p38 MAPK is elevated in WT and S4D/S8D actopaxin-expressing cells compared with Quint actopaxin cells. B, WT and
S4D,S8D actopaxin cells plated in the presence of the p38 MAPK inhibitor SB203580 show significantly reduced matrix degradation. C, percent of cells
displaying matrix degradation in the presence of p38 MAPK inhibitor was quantified. D, WT actopaxin cells plated in the presence of Rac1 inhibitor
demonstrate reduced levels of p38 MAPK phosphorylation. Scale bar, 20 �m. *, p � 0.05; **, p � 0.005; ***, p � 0.0005. Error bars, S.E.
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Expression of WT and S4D/S8D actopaxin resulted in
increased Src activity that was critical for promoting matrix
degradation in the U2OS cells. Src kinase phosphorylates many
invadopodia components such as cortactin (37) and Tks5 (38)
to regulate invadopodia formation and matrix degradation.
Interestingly, Src can phosphorylate membrane-associated
MT1-MMP (39) and was also shown to be required for the
formation of the FAK-p130Cas-MT1-MMP complex (36).
Taken together, these data suggest that actopaxin phosphory-
lation may regulate the focal adhesion pattern of degradation
observed in the U2OS cells by promoting the formation of this
complex, as well as stimulating the increased secretion of solu-

bleMMPs, in particularMMP2, through increasing Src activity
(36).
Expression of the S4D/S8Dphosphomimeticmutant of acto-

paxin produced a highly protrusive phenotype, and phospho-
actopaxin-mediated cell spreading, motility, and matrix degra-
dation are all dependent on elevated Rac1 activity (7).
Conversely, cells expressing the nonphosphorylatable Quint
actopaxin are angular and more contractile, indicative of ele-
vated RhoA and actomyosin activity. In accordance with this
phenotype, vascular smooth muscle cells derived from acto-
paxin-null mice also display a hypercontractile phenotype as a
result of increased RhoA activity and elevated myosin light

FIGURE 7. Actopaxin phosphorylation is required for invasion through Matrigel of breast tumor cells. A, Western blot analysis demonstrates that
endogenous actopaxin pS8 phosphorylation is increased in the invasive breast cancer cell line MDA-MB-231 compared with the normal breast epithelial cell
line, MCF10A. B, Western blot shows expression of Xpress-actopaxin WT and Quint constructs in MDA-MB-231 and MCF10A cells. C, WT actopaxin overexpres-
sion in MCF10A cells results in increased matrix degradation. Scale bar, 20 �m. D, WT actopaxin localizes to invadopodia in MCF10A cells. Scale bar, 10 �m.
E, expression of WT actopaxin in MCF10A cells promotes invasion through Matrigel. F, overexpression of nonphosphorylatable Quint actopaxin significantly
inhibits invasion of MDA-MB-231 cells through Matrigel. G, Quint actopaxin MDA-MB-231 cells treated with blebbistatin exhibit increased invasion. *, p � 0.05;
**, p � 0.005. Error bars, S.E.
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chain phosphorylation (40). A similar phenotype is observed
following knockdown of ILK in the same cells (41) or as a result
of perturbing the ILK-actopaxin interaction in epithelial cells
(42). Thus, a failure to phosphorylate actopaxin phenocopies
the actopaxin ablation, suggesting an important role for acto-
paxin phosphorylation in regulating the ILK-actopaxin signal-
ing axis.
A critical balance of signaling between Rho GTPase family

members is necessary for invadopodia formation and matrix
degradation, with both Rac1 and RhoA being required (14, 17,
18). Any shift in this balance can result in inhibited formation
or maturation of invadopodia (35). Thus, Quint actopaxin cells
may inhibit invadopodia formation and matrix degradation
through increased actomyosin contractility. Indeed, addition of
myosin inhibitors rescued matrix degradation in Quint acto-
paxin U2OS cells as well as cell invasion of Quint actopaxin
MDA-MB-231 cells. Conversely, both the Cdc42/Rac1 GEF,
�-PIX, and its effector and binding partner PAK1 have previ-
ously been reported to be required for invadopodia formation
and function, but little is known about the mechanism regulat-
ing their activity in this context (28, 43–45). Actopaxin binding
to�-PIX provides a newmechanism bywhich�-PIX and PAK1
may be recruited to adhesions to coordinate their turnover dur-
ing migration and/or transformation to invasive structures.
The phosphorylation state of actopaxin, which we show
impacted PAK1 phosphorylation may in turn regulate the GEF
activity of �-PIX to promote Rac1-dependent activation of
PAK1 and downstream signaling to the actin cytoskeleton.
It remains to be determined precisely how actopaxin phos-

phorylation promotes �-PIX GEF activity. One possibility is

that actopaxin undergoes a phosphorylation-dependent con-
formational change, which is then translated to �-PIX. Alter-
natively, �-PIX has been shown to be activated by Src- and/or
ERK-mediated phosphorylation (46, 47). Interestingly, acto-
paxin phosphorylation is also ERK-dependent (7), and we have
shown here that Src is stimulated downstream of actopaxin.
Thus, actopaxin phosphorylation may serve to recruit or stabi-
lize these kinases to adhesions and/or modulate their activity
toward downstream targets such as �-PIX.

p38 MAPK is also required for matrix degradation and cell
invasion (32, 48, 49) at least in part through regulating the
expressing and activity ofMMPs such asMMP2 and 9 (49). Our
data place actopaxin phosphorylation upstream of p38 MAPK
phosphorylation. p38 MAPK has previously been shown to be
activated in a �-PIX/PAK1- and Rac1-dependent manner (34).
Thus, phosphoactopaxin may also regulate p38 MAPK activity
via its interactionwith�-PIX. Furthermore, actopaxin, by bind-
ing both GEFs (�-PIX) and GAPs (CdGAP) (13, 50), is well
positioned to serve as a bimodal regulator of Rho GTPase sig-
naling to elicit tight spatial and temporal control of the balance
of Rac1 and RhoA signaling. Any perturbation of the phospho-
rylation state of actopaxin or its protein level may result in a
shift in this regulation, thus inhibiting or promoting matrix
degradation and cell invasion accordingly.
Despite their similarities in domain structure and binding

partners (24), actopaxin (�-parvin) and �-parvin have been
shown to have opposing roles on cell proliferation and ILK acti-
vation. Actopaxin promotes cell survival, whereas �-parvin
promotes apoptosis through their interactions with ILK (51–
53). Actopaxin and �-parvin compete for the same binding site
on ILK. In breast cancer cell lines and advanced breast tumors
mRNA and proteins levels of �-parvin are decreased (54), thus
allowing for increased actopaxin-ILK binding and potentially
increased actopaxin phosphorylation and signaling. Interest-
ingly, theMDA-MB-231 breast cancer cells have been reported
to lack �-parvin expression entirely (55), and we show that
these cells have elevated actopaxin phosphorylation compared
with normal breast epithelial cells. Forced expression of
�-parvin in these cells inhibits proliferation and tumor growth
(55), and overexpression of nonphosphorylatable Quint acto-
paxin inhibits cell invasion; thus, actopaxin phosphorylation
may contribute to both tumor growth andmetastasis. The anal-
ysis of actopaxin levels and phosphorylation in human cancer
cells and tumors is incomplete, and further studies will deter-
mine the in vivo significance of actopaxin phosphorylation
through the use of mouse tumor and metastasis models.
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